The surface effects of metal oxides, including chemisorption, photodesorption, and surface roughness, result in surface band bending which can significantly influence the electronic and optoelectronic properties of the material. For example, the surface band bending of ZnO due to chemisorbed oxygen molecules is around 1.53 eV. 1 The lower conductivity as a result of this surface band bending makes ZnO a promising candidate for photodetector and gas sensing applications.
Recently, the development of resistive random-access memory (ReRAM) has attracted a great deal of attention due to its superior characteristics of high-speed operation, lowpower consumption, and long retention time. [2] [3] [4] Among the metal oxides currently being explored to fabricate ReRAM, ZnO has been demonstrated as a potential candidate. ZnO is transparent in the visible spectral region and its electrical properties can be modulated using suitable impurity doping; therefore, it is a promising material for the fully transparent ReRAM which could be used in transparent electronics and displays. 5 The switching mechanism of ZnO ReRAM is mainly attributed to the electrochemical redox process associated with the formation/rupture of conductive nanofilaments built by oxygen vacancies (V O ) near the electrode/ZnO interface. 6 The switching functionality is enormously influenced by chemisorbed oxygen adatoms (O À 2ðadÞ ) at the surface. [7] [8] [9] For instance, Yang et al. reported the ambient effects on transparent ReRAM can be remarkably suppressed by introducing graphene electrodes as a surface passivation layer. 7 Many reports have shown that the resistive switching properties of ReRAM significantly depend on the top electrode. These studies have mainly focused on the transport mechanisms of ReRAM (i.e., space charge limited current, or Poole-Frenkel emission), switching behavior (unipolar or bipolar), and the filament type (e.g., oxygen vacancies or cation migration-induced metallization). [10] [11] [12] The interfacial reaction between the metal electrode and the active layer may cause either a favorable or an adverse influence on the properties of the ReRAM's resistive switching behavior. 13, 14 Researchers have previously reported the resistive switching properties of ZnO with various metal electrodes. 11, 15 However, there has not yet been a systematic investigation of how surface effects influence the metal electrode dependence of ZnO ReRAM.
In this work, we investigated how surface effects may change the electrical properties of ZnO ReRAM devices fabricated with various top electrodes (e.g., Pt, Au, and Cr). In our results, the surface effects of ZnO were investigated by the thickness-dependent electrical behavior initially. In addition, we examined how different electrical characteristics of ZnO ReRAM, including the switching probability, high-resistance state (HRS), and low-resistance state (LRS), changed with various top electrodes and ambient conditions. From this work, we learned that ZnO ReRAM made with Pt electrodes possesses a higher resistive switching probability, showing a better electrical performance. Analysis of the temperature-dependent SET/ RESET voltage for each top electrode metal showed that the Pt electrode also had the lowest activation energy for the chemisorption of oxygen molecules. This indicates that the chemisorption processes are more pronounced, which increases the probability in the generation/elimination of oxygen vacancies near the Pt/ZnO interface, improving the switching functionality of the ZnO ReRAM device. These observations advance our understanding of surface effects and provide valuable insights for future optimization of ReRAM devices.
ZnO thin films with thicknesses of 70, 100, 130, and 160 nm were deposited on the Pt/Cr/SiO 2 /Si substrates at room temperature by RF-magnetron sputtering, using an Ar working pressure of 5 mTorr and a ceramic ZnO target. In order to study the electrode dependence of ZnO ReRAM, the Published by AIP Publishing. 109, 131603-1 circular-shaped top electrodes of Pt, Au, and Cr (100 nm thick and 200 lm in diameter) were deposited on top of the ZnO thin films. The top electrodes were patterned using a shadow mask. Note: the Cr electrode was capped by Pt (50 nm thick) to prevent oxidation.
The ZnO ReRAM devices with these different top electrodes were measured under air and vacuum conditions using a Keithley 4200 parameter analyzer to study how surface effects influenced the electrode dependence of ZnO ReRAM. To gain further insight into the electrical characteristics, the devices were measured at temperatures ranging from 100-350 K to study the temperature dependence of the SET/RESET switching voltage characteristics. Fig. 1(a) shows the schematic of the ReRAM device with Pt, Au, and Cr as the top electrode, as well as the corresponding room temperature I-V curves, which were taken in air. Fig. 1(b) shows how the resistance of the initial state (IS), HRS, and LRS changed for the ReRAM devices with different ZnO film thicknesses and under various top electrode conditions. The results demonstrate that for each top electrode metal, the IS resistance was thickness-dependent, while the HRS and LRS were thickness-independent. Note that we obtained the statistics for each dataset using 30 different ReRAM devices.
The ReRAM switching function relies on the formation/ rupture of conductive nanofilaments built by oxygen vacancies, V O . As the ZnO ReRAM devices were electroformed, conductive nanofilaments dominated the electrical transport within the bulk ZnO, causing the HRS and LRS resistance to be independent of the ZnO film thickness. Because the switching process does not change as a result of the ZnO film thickness, it suggests that changes to the device resistance occur at the surface, or more specifically, near the electrode/ZnO interface. Fig. 1 (b) also shows the IS and HRS resistances are electrode-dependent for films of the same thickness, decreasing in the order of Pt > Au > Cr. The electrode dependence can be attributed to two mechanisms occurring near the electrode/ZnO interface. First, this electrode-dependent resistance could originate from contact resistance due to ZnO band bending near the metal contact region, which is determined by the work function of the metal electrode. The work function of Pt, Au, and Cr is 5.93, 5.31, and 4.50 eV, respectively. 16 A high work function results in high contact resistance of the electrode to the metal oxide, leading to the electrode dependence shown in Fig. 1(b) . The second mechanism that may cause the device's electrode dependent resistance is chemisorption from the ambient environment, which tends to capture free electrons at the surface and form a lowconductivity depletion layer near the surface of the metal oxide to reduce the IS and HRS resistance of the ReRAM. 17 In order to determine the origin of the electrode dependence, we measured the resistance of the ZnO ReRAM device under different ambient environments. Fig. 1(c) shows the IS, HRS, and LRS resistances measured under air and vacuum conditions. Clearly, the HRS is influenced by the environment, while the ambient effects on IS and LRS are not significant. These results indicate that chemisorption plays an important role in determining the device's HRS. This phenomenon can be understood by the lower conductivity near the ZnO surface that is induced by oxygen chemisorption. 18 The surface band bending effect is more pronounced as the O À 2ðadÞ concentration increases, resulting in the electrode dependence of the device's HRS. On the other hand, the IS is not electrode dependent, suggesting that the bulk component overwhelms surface effects, since there are no conductive paths within the bulk of the device prior to the electroforming process. No obvious change in the LRS confirms that transport is dominated by the conductive nanofilaments and that surface band bending has negligible effect.
To further investigate the surface effects of ZnO ReRAM, we also investigated the electrode-dependent switching functionality of the devices under various ambient conditions. We defined the switching probability as the ratio of the number of devices switching continually over 3 cycles of the SET/RESET process without any failure to the number of total devices tested (30 cells). As shown in Fig. 2 , the switching probability was highest for the ReRAM devices made with Pt electrodes, followed by Au and Cr. The concentration of chemisorbed O À 2ðadÞ at the surface of metal oxides at room temperature is greater in air compared to vacuum. 17, 18 Our results in Fig. 2 show that the devices tested under air had a higher switching probability compared to the same ReRAM devices tested under vacuum, which suggests that a higher O À 2ðadÞ concentration leads to a higher switching probability. These findings are in line with Ke et al., who reported that in order to achieve a high switching probability, a high concentration of chemisorbed O À 2ðadÞ can be created by either changing the ambient environment or the surface roughness of the metal oxide, which enables O À 2ðadÞ to help generate/eliminate V O near the electrode/ZnO interface. 19 The pronounced chemisorption process on the surface results in the higher formation/rupture probability of V O -built nanofilaments, leading to the better switching functionality. In this study, the high switching probability shown in ZnO ReRAM fabricated with Pt electrodes suggests that oxygen chemisorption near the Pt is more pronounced compared to other metal electrodes.
It is widely known that the ZnO surface is very sensitive to the ambient environment due to oxygen chemisorption. 17, 18 The ambient sensitivity of ZnO can be further increased using Pt or Au nanoparticles; a finding which is attributed to the fact that Pt and Au serve as catalysts to lower the activation energy for both the desorption/adsorption processes. [20] [21] [22] In addition, gas sensors made using Pt/ ZnO stacks, with capping layers on the edges of the Pt top electrodes, show that the ambient environment can directly affect the chemisorption process at the ZnO surface through the Pt layer due to the high mobility of oxygen within Pt. 23, 24 This indicates that the chemisorption of O À 2ðadÞ near the Pt electrode is more pronounced.
For the ReRAM device, the chemisorption process, involving the desorption/adsorption of O À 2ðadÞ , increases the probability of the generation/elimination of oxygen vacancies. The desorption of O À 2ðadÞ leaves a vacant adatom site, which increases the probability that oxygen vacancies will build conductive nanofilaments and induce the SET process near the electrode/ZnO interface. The temperature and applied bias significantly affect the desorption/adsorption process at the ZnO surface. High temperature leads to a pronounced desorption/adsorption process, due to thermal activation. 1 In addition, an enhanced desorption/adsorption process was also observed with the applied bias. The underlying mechanism was attributed to the field-induced rearrangement of the free electron distribution, which tends to affect the chemisorption process. [25] [26] [27] To further study the electrode dependence on the electrical properties, we investigated the temperature-dependent resistive switching behaviors of ZnO ReRAM. As shown in Fig. 3(a) , both the SET/RESET switching voltages decreased in the order of Cr > Au > Pt, and they decreased with rising temperature. To gain insight into the phenomenon observed in Figs. 3(a) and 2, we assumed for the device's SET process that the chemisorption-assisted generation of V O for building conductive nanofilaments happens at a threshold concentration of vacant adatom sites, N O , while applying the SET voltage, V SET . The relationship between N O and V SET can be written as
where k B is the Boltzmann constant, T is the temperature, aV SET is the portion of the applied voltage (V SET ) near the electrode/ZnO interface to SET the resistive states of the ReRAM, and the E a SET is the activation energy of O À 2ðadÞ desorption.
28,29
On the other hand, the RESET process relies on the rupture of the nanofilaments by recovery of the V O sites near the electrode/ZnO interface. The O À 2ðadÞ adsorbed on the ZnO surface tends to migrate and recombine with V O to break these conductive nanofilaments, which helps the RESET process. Assuming the RESET process is triggered when the O À 2ðadÞ concentration on the ZnO surface reaches a critical value, N ad , while applying the RESET voltage, V RESET , then N ad can be written as a function of V RESET as
where E a RESET is the activation energy of the RESET process associated with oxygen adsorption, and aV RESET is the portion of the applied voltage (V RESET ) near the electrode/ ZnO interface to RESET the ReRAM. 28, 29 By rearranging the terms in Eqs. (1) and (2), we obtain the relations shown in Eqs. (3) and (4) . For the SET process, the equation is as follows:
where A is a constant. For the RESET process, the equation is as follows:
where B is a constant. Using Eqs. (3) and (4), the activation energy of the desorption/adsorption of oxygen adatoms for the SET/RESET process can be estimated by the y-intercept of the V SET =V RESET plotted against T. Fig. 3 temperature-dependent SET/RESET voltage and its line fit, in which the y-intercept of Figs. 3(b) and 3(c) represent the E a SET =a and E a RESET =a, respectively. These results demonstrate that both terms, E a SET =a and E a RESET =a, in Eqs. (3) and (4) for the top electrodes follow the order of Cr > Au > Pt, indicating that Pt has the lowest activation energy, E a SET and E a RESET , for the desorption and adsorption processes, respectively. To put it simply, the chemisorption process is more pronounced if the activation energy of the adsorption/desorption process is reduced, which increases the probability of the generation/elimination of oxygen vacancies. Thus, the ZnO ReRAM device made with Pt electrodes has a better performance.
In summary, we have demonstrated how surface effects can influence the electrode-dependent resistive switching behavior of ZnO ReRAM. Both thickness-and ambientdependent electrical properties for each electrode metal studied show that surface effects play an important role on the electrode dependence of the ReRAM performance. The ZnO ReRAM with Pt electrodes had the lowest activation energy for the oxygen chemisorption process, which allows it to have better switching functionality due to the increased generation/elimination probability of oxygen vacancies. These findings not only provide further insights into the electrode effect on memory switching behaviors but also provide guidance in developing stable ReRAM.
